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1,  INTKODUCTION 


I'rtc  shcaHng  of  explosive  materials  under  pnessurc  Is  an  effective  way  to  produce  locnll/cd  hrailni! 
by  vlrxoplastic  work  concentrated  In  a  small  region  of  Ute  deforming  explosive.  1l)ls  localized  hcatlntt 
can  cause  the  explosive  to  itaci  releasing  additional  heat  to  accelerate  tiic  reaction,  In  an  curlier  p.i|)cr, 
we  described  Uic  results  obtained  when  a  small  cylinder  of  explosive  was  ptssurlzcd  within  heavy  steel 
conTincment  and  Uren  allowed  to  slide  against  the  steel  conrincment  (Doyle,  Trey,  and  Blake  t9K9};  In  a 
similar  arrangement,  we  investigated  explosive  on  explosive  shear  by  punching  a  plug  from  Ute  pressurized 
explosive  cylinder.  In  those  cxpciime.nis,  we  demonstrated  that  the  Ignition  threshold  depends  on  both 
pressure  and  shear  velocity.  Those  experiments  had  a  relatively  long  duration  of  about  1  ms,  a  maximum 
pressure  of  about  1.0  GPa,  and  a  maximum  shearing  velocity  of  about  80  m/s;  the  pressure  and  shear 
velocity  varied  during  the  course  of  the  experiment.  The  rise  lime  to  peak  pressure  was  several  hundred 
ps.  Also  the  shear  localization  was  not  well  defined  so  the  local  strain  rate  could  not  be  determined.  In 
the  experiments  reported  here,  we  have  attempted  to  study  tlie  ignition  of  several  explosives  as  they  were 
impacted  under  conditions  that  would  cause  the  explosive  sample  to  shear  in  a  known  manner  under  the 
high  pressure  of  the  impact.  A  maximum  pressure  of  1.3  GPa  was  reached  with  a  strain  rate  of  about 
50, OCX)  per  second  over  an  explosive  layer  0.6  mm  thick. 

2.  EXPERIMENTAL  APPROACH 

In  order  to  obtain  well-defined  conditions  for  pressure-shear  impact  on  explosive,  we  adapted  a 
technique  described  by  Abou-Sayed,  Clifton,  and  Hennann  (1976),  Kim  and  Clifton  (1980),  and  Li  and 
Clifton  (1981).  In  this  technique,  one-dimensional  combined  pressure  shear  waves  were  generated  in  a 
flat  target  plate  by  the  impact  of  a  flat,  high  acoustic  impedance  flyer  plate;  both  the  flyer  plate  and  the 
target  plate  were  inclined  at  an  angle  to  the  velocity  vector  of  the  flyer  plate  in  order  to  produce  a  shear 
component  of  particle  velocity  in  the  impacted  target  The  impact  occurred  simultaneously  at  all  points 
of  the  flyer-target  interface.  In  addition,  a  high  acoustic  impedance  anvil  supported  the  target  plate.  The 
flyer  plate  and  anvil  have  higher  acoustic  impedance  than  the  target  plate  in  order  to  prevent  unloading 
of  the  target  by  reflection  of  waves  at  the  target  interfaces.  This  arrangement  is  illustrated  in  Figure  1  for 
the  flyer  plate  impacting  a  target  at  30°  obliquity.  A  gas  gun  was  used  to  accelerate  the  flyer  plate. 
Details  of  the  gas  gun  and  projectile  are  shown  in  Appendix  A.  From  Figure  1,  it  can  be  seen  tliat  the 
flyer  plate  velocity  has  a  component  normal  to  the  target  plate,  V^,  and  a  component  parallel  to  the  target 
plate,  Yj.  These  components  can  be  calculated  as  follows: 
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Vn  =  V  (cos  a) , 


(1) 


•lid 

V,  =  V  (sin  a) .  (2) 

wlicri  V  |i  Uic  flyer  pUlc  vcloclly  and  a  is  the  angle  of  obliquity  of  the  flyer  plate  with  respect  to  the 
lifg#i  pialfi  (lli«  uiflc  bntwcLri  the  flyer  plate  velocity  and  the  normal  to  the  target  plate).  Upon  impact, 
III#  iHimiil  cumiaincnl  of  UK  flyer  plate  velocity  generates  a  stress  wave  in  the  target;  this  stress  wave  is 
If  fiti  tfd  hflWM n  tiw  high  Impcdanc:  boundaries  several  times  until  the  target  reaches  a  state  of  uniform 
iliH*  dfKriiiliKd  by  Uk  flyer  plate  velocity  and  the  material  properties  of  the  flyer  plate,  target  plate,  and 
i.hvil  Ijltfwisf.  Ilie  parallel  component  of  flyer  plate  velocity,  by  its  traction  with  the  target  surface, 
•  ilKif  wave  in  tlw  target  which,  after  several  icveibcraiions.  induces  a  state  of  uniform  shear. 
Ilif  Mfsin  rale  isiui  lated  wldi  this  shear  Is  detennined  by  the  parallel  component  of  flyer  plate  velocity; 
III#  niaMili)  }iiv»|iertie»  of  Um  flyoi  plate,  target  plate,  and  anvil;  and  the  thickness  of  the  target  plate. 

A  lilfli  ipeed  fiiniiiig  camera,  Cordin  Model  192,  was  operated  at  half  speed,  24!(X)  rps,  in  its 
frcf^ymlinrfiMUi  niuOe  lit  order  lo  itcord  the  impact  of  the  flyer  plate  on  the  explosive  target;  this  impact 
WM  vifwad  ijifuuali  e  Ml  n!!!! 'thick  iranspareni  artvij,  The  camera  records  80  frames,  and  the  interframe 
IKM  il  dill  Is  airitniaimateiy  1,7  ps,  However,  we  were  usually  U'ni:ed  to  about  IS  ps  of 
tbwi  aflf  t  ini(><Ki  Ncause  iN  free  surface  of  the  anvil  became  opaque  shortly  after  the  elastic  wave 
aiiitf«|  Uirrv  1  wti  | itpliHiiv#  liglii  louruoa  (argon  bombs)  were  used  to  Illuminate  the  explosive  surface 
toPil  vifwfd  by  Hi#  tamfia  'llw  argon  bombs  consisted  of  a  volume  of  argon  gas  inside  a  conical 
larwitiaitl  iunyimr  wiih  in  aluniinl/ed.  rrnccilng  inner  surface;  the  container  was  sealed  at  the  larger  end 
by  « |r«rtt|wiwH  window  of  fiaraii  Wri|).  A  MKl  g  Comp  U  explosive  charge  was  taped  inside  the  smaller 
lirf  Wliiri  iN  fipioiivf  (haiga  li  lyuaiated,  a  strong  shock  wave  Is  produced  in  the  argon  causing  it 
tu  lufiUl  arvl  lift'  filgli  niinaby  llgb'  a#  IIk  aliock  wave  pragrcsscs  tlirough  the  argon.  For  the 
lUi  mm  aipoh  und  In  iltcH*  lean,  we  Itad  aiirflcleni  light  to  record  for  approximately  60  ps. 

|#}|t  iJiMt#  iiMid*  a  lilisi  chsinlivr.  IIk  compreiied  gas  gun  was  mounted  on  a  mobile  cart 
ui  It  luwid  Ift  rtmw>ii)  fiom  Uif  •Jiainkr  witen  iKteiffry.  Figure  2,  In  practice,  we  ended  up  welding 
ii«-  aan  in  in  nidti  In  iiMsIii  a  inurt  ligid  aituciurt  and  Improve  titc  gimuliancliy  of  impact.  An 
iiui  fiifirf  wiUi  Mvtial  dfg'vft  uf  liyedtHn  wan  uscii  to  liold  Uk  anvil  utd  explosive  target  and  align 
H«»>  waft  1*-^  vl  lilt  (indvi  nit  A  lag  filled  taiclKr  lank  was  used  to  caicli  the  projectile  and  some 
HI  ft  tW|i»>  ^init  llw  tM*'*oi«nial  aiitiigriitriit  la  slaiwn  in  i'igunc  3. 
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RESTRAINING 

BREECH  barrel 


shown  mounted  on  its  mobile  cart.  This  ananeement 


BREECH  END  PLATE  LIGHT  TRIGGER  PIN  TRANSPARENT  ANVIL 


An  cvcfall  view  of  the  exi 


In  ihe  cxperimenu  reported  iKftc,  Uie  iinln  r»ie  in  the  CMploitvr  uri^'i  C4M  iw  t«lvuUicd 

<V^-VJ//. .  {\) 

where  and  V,^  lie  ihc  componenu  of  (he  pn))cctllc  v^lociiy  ind  (iw  anvil  veluiiiy  parallel  lu  Uie 
Interface  after  Impaci  and  x  It  ihc  orlflna)  thldincM  of  the  explotivc  Mmplc  TItli  calculation  l»  ilMjwti 
In  Appendix  B. 

In  order  to  calculate  the  itmi  In  Utc  explotivc  tampie.  wc  Miumcd  thM  tlic  flyer  plate  and  llie  anvil 
remained  elaailc  during  the  Impaci  and,  after  teveral  rcvcihcfatlonj,  the  explotivc  aiiaincd  a  iiictt  level 
equal  to  what  would  be  achieved  l>y  tlic  Impaci  of  the  flyer  plate  dlmctly  on  t)»c  anvil,  Wlih  ilictc 
aMumpUont  and  the  requirement  Uiai  tlic  particle  velocity  and  pittaure  remain  equal  at  the  flyer  plaie-anvll 
interface,  we  were  able  to  calculate  Uw  iirctt  In  the  explotivc.  For  a  tied  flyer  plaic  and  a  glaii  anvil, 
the  prciture  in  the  explosive  can  be  calculaicd  (tee  Appendix  C): 

P*  “  (Pr^'f)  (P.U.)  V„  /  (p,U,  ^  p.U.) .  (4) 

where 

It  Ihc  pressure  In  ilte  explosive  sample,  dyncx/cm^ 
dO’®  dynca/cm^  «  1  OPa  >•  10  kbari) 

Pf  is  density  of  the  flyer  plate,  g/cm^ 
p,  Is  density  of  the  anvil,  g/cm^ 

is  the  normal  component  of  flyer  plate  velocity,  cm/s 
Uf  is  Uk  clastic  wave  velocity  In  tlic  flyer  plate,  cm/t 
is  the  clastic  wave  velocity  In  flic  anvil,  cm/s, 

'I'ablc  1  lists  the  relevant  material  properties  for  the  flyer  ploics  and  anvils  described  in  this  report. 

Tabic  2  lists  the  experimental  data  for  the  tests  which  arc  being  reported  here. 

Using  the  data  from  Table  2,  we  were  able  to  calculate  the  strain  rate  (Apixndix  II)  tind  pressure 
(Appendix  C)  in  die  explosive  sample,  These  values,  as  well  as  Uic  impaci  simultaneity  along  the 
projcctilc/target  interlace,  arc  listed  in  Table  3.  Wc  should  comment  that  the  calculated  strain  lutc  depends 
on  the  value  assumed  for  viscosity.  The  cfrcci  of  changing  the  vl.scosity  is  shown  in  Appendix  B. 
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Table  I.  Matartal  Piupartlei  of  Flyer  Flatci  and  Anvlli 


a 


Maurtal 

Denaliy 

Bluilc  Wave  Velocity 
(cm/i) 

steal.  1020 

7.19 

5.96  X  10* 

•luminunt,  2024‘T4 

2.711 

6.30  X  10* 

flaia* 

2.23 

5,64  X  10* 

Fkxiflaa 

1. 18 

2.70  X  10* 

*  1^  fUM,  •  wlilu  taorMlUMia,  wu  UMd  u  mi  mivII:  h  wu  MUtnily  •  limlnit*  eaniUUni  of  four  gliu  »id  ituM  pluUo 
piki.  QVMiil  ihkikfMM  wM  2  in,  Mid  ih«  iA<llvklu«l  |t«i  pitti  warr  OJ  In  (hi«k.  TIm  pluilc  pll«i  war*  polyvinyl  butyryl, 
0.0ISliMhlrk 


Table  2.  UKperlmcntal  Data  for  Icau 


Shot  No, 

Flyer  Plate 

Hycr  Plate 
Velocity 
(m/i) 

Explosive  Sample 

Anvil 

1 

flat,  aluminum 

147 

1-mm  TNT 

Plexiglu 

2 

fUl,  aluminum 

148 

l*mm  TNT 

Plexlglaa 

3 

flat,  aluminum 

174 

I -mm  TNT 

Pkxiglu 

4 

angled,  aluminum 

l*mm  TNT 

Plexlglaa 

5 

angled,  aluminum 

148 

1-mni  DS 

Plexlglai 

— 

flat,  iieel 

132 

1-mm  DS 

glait 

BB 

flat,  itoel 

12S 

1-mm  DS 

glaii 

8 

angled,  iteel 

125 

1-mm  DS 

glaiR 

9 

angled,  iteel 

145 

l-mnr.  DS 

glass 

10 

flat,  Iteel 

1 

_ 

1-mm  DS 

glass 

11 

angled,  iteel 

153 

1mm  DS 

12 

flat,  Iteel 

143 

1-mm  CS 

glass 

NOTE;  D$  ■  DnUihaat  li  an  axploilva  mada  by  (he  DuPont  Company;  it  contalni  639t>  by  weight  PBTN,  8%  niirocaU- 
ukiaa,  and  29%  aoetyltrlbulykluaia.  lu  damlty  wu  about  1.48  g/cir?. 

TNT  ■■  caat  TNT  of  danilty  1.60  g/cm*. 
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Table  2.  Experimenul  Dau  for  Tests  (continued) 


Shot  No. 

Flyer  Plntc 

Flyer  Plate 
Velocity 
(m/s) 

Explosive  Sample 

Anvil 

13 

flat,  steel 

144 

1-mm  DS 

glass 

14 

angled,  steel 

148 

1-mm  DS 

glass 

IS 

angled,  steel 

143 

1mm  DS 

glass 

16 

angled,  steel 

— 

1-mm  DS 

glass 

17 

angled,  steel 

— 

1-mm  DS 

glass 

18 

angled,  steel 

120 

1-mm  DS 

glass 

19 

flat,  steel 

127 

1-mm  DS 

glass 

20 

flat,  steel 

79 

1-mm  DS 

glass 

21 

flat,  steel 

89 

1-mro  DS 

glass 

22 

flat,  steel 

37 

I-mm  DS 

glass 

23 

flat,  steel 

58 

1-mm  DS 

glass 

24 

flat,  steel 

103 

1-mm  DS 

glass 

23 

flat,  steel 

69 

0.5-mm  Pent 

glass 

26 

angled,  stec! 

153 

0.6-mm  DS 

glass 

27 

flat,  steel 

64 

0.6-mm  DS 

glass 

28 

angled,  steel 

42 

0.6-inm  DS 

glass 

29 

angled,  steel 

39 

0.6-inm  DS 

glass 

30 

angled,  steel 

59 

0.6-nim  DS 

glass 

NOTE;  DS  ■  ii  m  explotWc  made  by  the  DuPom  Compmy;  it  contains  63%  by  weight  PETN,  8%  nitiocellukMe 

and  29%  aoetyltributylcitrate.  Its  density  was  about  1.48  g/cni . 

Pent.  -  cost  Pentolile  (50%  PETN/30%  TNT)  of  densiv  1.67  j/cm’. 
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Table  3.  Pressure,  Strain  Rate  of  Explosive,  and  Impaa  Simultaneity 


for  Detasheet. 
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TaUe  3.  Pressure,  Strain  Rate  of  E:(plosive,  and  Impaa  Simultaneity  (continued) 


Shot  No. 

Pressure 

Strain  Rate* 

Impact  Simultaneity 

(GFa) 

(1/s) 

0>s) 

24 

1.02 

0 

5 

25 

0.68 

0 

4 

26 

1.31 

49,000 

10 

27 

0.63 

0 

8 

28** 

0.36 

10,000 

7 

29'* 

0.33 

9,600 

— 

30 

0.51 

17,000 

— 

*  This  is  the  strain  rate  calculated  assuming  a  viacosity  of  50,000  poise  and  a  yield  strength  of  035  x  10^  dynea^cm^  for 
Detashset 

^  For  these  shots,  an  IR  detector  monilored  a  small  region  of  explosive  at  the  edge  of  the  impact  zone. 


The  d9sh  lines  in  Table  2  indicate  an  absence  of  data  due  to  failure  of  the  anival  time  circuitry  used 
to  measun:  projectile  velocity. 

In  Table  3,  the  dash  lines  indicate  a  lack  of  data  for  various  reasons;  failure  of  the  velocity  pin 
circuitry,  malhmctioning  of  the  framing  camera  shutter  or  mistiming  of  the  explosive  light  source  used 
to  illuminate  the  explosive  target 

3.  RESULTS 

As  can  be  seen  from  the  data  in  Table  3,  many  of  our  tests  did  not  have  good  impact  si'^ultaneity  of 
the  flyer  plate  on  the  surface  of  the  explosive  target  Also,  in  many  of  the  tests,  we  were  not  able  to 
observe  the  impact  due  to  experimental  problems.  For  the  impacts  that  we  were  able  to  observe,  we  did 
not  see  any  obvious  sign  of  ex[Aosive  reaction  such  as  light  emission  or  the  expulsion  of  reaction  products 
from  the  region  of  impact.  In  all  cases,  the  explosive  in  the  impacted  region  became  darker  in  about 
4~6  ps;  after  this,  the  darkness  did  not  i^^rear  to  increase  during  the  available  time  of  observation,  about 
15  ps.  However  the  darkness  did  aiqrear  to  increase  with  the  impact  pressure.  For  some  of  the  shots 
(No.  14  vs.  No.  19  and  No.  18  vs.  No.  24),  we  were  able  to  compare  shear  and  nonshear  tests  at  pressures 
which  were  nearly  equal;  the  presence  or  absence  of  shear  did  not  appear  to  have  an  effect  on  explosive 
darkening. 
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For  shot  No.  25.  the  explosive  tai:get  consisted  of  a  O.S-mm  cast  sheet  of  Pentolite  explosive  in  v/hich 
the  grain  boundaries  were  very  prominent.  Upon  impact  at  0.68  GPa  the  grain  boundaries  were  noticeably 
daiker  than  the  rest  of  the  explosive  for  several  microseconds  and  then  the  entire  impacted  region  became 
unifomnly  darit. 

Since  we  were  not  able  to  tell  if  the  explosive  darkening  meant  that  reaction  was  occurring,  we  tried 
to  detea  IR  radiation  by  using  a  i^tovoltaic  silicon  photodiode  that  was  sensitive  to  wavelengths  from 
the  visible  to  the  near  IR  (300  nm  to  1,100  nm).  Two  longpass  IR  filters  were  used  in  tandem  in  front 
of  the  photodiode  in  order  to  attenuate  the  visible  light  from  the  argon  bombs  by  a  factor  of  10  billion; 
the  cut  on  wavelength  was  785  nm.  The  filters  and  photodetector  were  shielded  from  stray  light  by 
enclosing  them  within  a  phenolic  tube  which  was  pointed  toward  the  impacted  surface  of  the  explosive 
sample  as  shown  in  Figure  3.  The  photodeteaor  viewed  a  small  region  on  the  edge  of  the  impact  area. 
For  shot  No.  29,  the  argon  bombs  did  not  funaton  and  the  photodiode  did  not  detect  any  signal  during 
6  ms  of  observation.  For  shot  No.  30,  the  argon  bombs  functioned  and  the  photodiode  detected  a  signal 
but  it  corresponded  to  the  turn  on  of  light  from  the  argon  bombs  before  the  flyer  plate  even  impacted  the 
explosive  target. 

Several  shots  were  fired  for  which  the  rear  surface  (the  surface  facing  the  camera)  of  the  explosive 
was  marked  beforehand  with  fine  lines  using  a  permanent  maiker.  The  lines  appeared  to  remain 
undistorted  during  the  time  of  observation,  even  though  the  impacted  area  of  the  explosive  became  dark. 
This  was  true  even  at  an  impact  pressure  of  1.02  GPa.  shot  No.  24. 

Examination  of  the  debris  recovered  after  the  shot  did  not  reveal  any  evidence  of  explosive  reaction 
having  occurred.  The  flyer  plate  did  not  have  any  caibon  residue  or  other  indications  of  explosive 
reaction.  The  explosive  within  the  impaa  zone  was  broken  into  small  irregular  fragments.  The  anvil  was 
generally  shattered  into  many  small  pieces.  The  projectile  and  most  of  the  debris  from  the  impaa  zone 
ended  up  embedded  in  the  rags  within  the  catcher  tank. 

4.  DISCUSSION 

We  were  surprised  that  we  were  unable  to  detect  any  obvious  sign  of  explosive  reaction  for  Detasheet 
since,  in  the  paper  previously  mentioned  (Boyle,  Frey,  and  Blake  1989),  we  were  able  to  cause  Detasheet 
to  reaa  under  what  appeared  to  be  a  milder  stimulus,  0.2*GPa  pressure  and  a  shear  velocity  of  60  m/s. 


11 


The  duration  of  those  tests  was  about  SOO  )is,  whereas  the  tests  reported  here  would  be  terminated  when 
release  waves  originating  at  the  boundary  of  the  flyer  plate  reached  the  axis,  a  time  of  about  15  ps.  The 
longer  duration  of  those  earlier  tests  may  have  allowed  the  explosive  to  reach  temperatures  required  fur 
reaction.  Also,  in  those  earlier  tests  a  cylinder  of  explosive  was  slid  along  a  boundary  of  either  steel  or 
ex[dosive  causing  the  explosive  temperature  to  increase  due  to  viscoplastic  heating.  The  shear  may  have 
become  more  localized  in  those  earlier  tests  due  to  greater  thennal  softening  of  the  explosive  at  the  peak 
temperature  region  within  the  shear  band.  The  concentration  of  shear  motion  in  a  narrow  region  would 
increase  the  strain  rate  and  the  peak  temperature. 

In  our  current  tests,  if  the  strain  rate  is  uniform  across  the  target  plate,  the  temperature  increase  in  the 
target  plate  can  be  expressed  by  the  formula, 

AT  =  (V  [d£/dt]2  +  Y  [d€>'dt] )  t/pc  ,  (5) 

where 


AT  =  temperature  increase  (**0 

V  =  viscosity  (poise) 
de/dt  s  strain  rate  (1/s) 

t  a  time  duration  (s) 
p  s  density  (g/cm^) 
c  =  specific  heat  (ergs/g-®C) 

Y  =  yield  stress  in  shear  (dynes/cm^). 

For  the  experiments  reported  liere,  the  strain  rate  of  the  ex|4osive  is  a  function  of  its  thickness,  viscosity, 
and  yield  strength,  as  weU  as  the  component  of  the  flyer  plate  velocity  parallel  to  the  explosive  surface, 
and  the  material  properties  of  the  flyer  plate  and  anvil;  this  relationship  is  indicated  in  equations  B4-B10 
in  Appendix  B.  Using  this  relationship,  we  computed  the  strain  rates  corresponding  to  a  range  of 
exfdosive  viscosities  and  yield  strengths  for  shot  No.  26.  We  then  used  equation  5  to  calculate  the 
corresponding  temperature  increase,  assuming  a  time  duration  of  IS  ps,  an  explosive  density  of 
1.48  g/cm^,  and  a  specific  heat  of  1.25  x  10^  ctgs/g-®C.  Figure  4  shows  the  temperature  increase  in  the 
exfdosive  target  as  a  function  of  its  viscosity  and  yield  strength.  It  can  be  seen  that,  the  calculated 
temperature  increase,  over  a  wide  range  of  viscosity  and  yield  strength,  is  no  greater  than  1 16°  C.  We 
would  not  expect  to  see  evidence  of  explosive  reaction  in  our  experiment  at  such  a  low  temperature. 
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TEMP  INCREASE  (DEG.  CENT.) 
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We  can  use  Frank-Kamentskii’s  equation  for  the  adiabatic  cjiplosion  time  (AMCP  706-180, 1972)  to 
calculate  the  temperature  required  to  produce  a  thermal  explosion  in  IS  ps.  We  used  the  following  data 
for  PETN  (Rogers  1975)  for  the  required  input  parameters: 

Specific  heat  1.25  x  10^  ergs/g-^C 

Gas  constant  8.31  x  10^  ergs/g-mol-®C 

Early  heat  of  reaction  1.26  x  10^^  ergs/g 

Frequency  factor  6.3  x  10*®/s 

Activation  energy  1.97  x  lO'^  ergs/g-mol 

The  calculated  temperature  for  a  thermal  explosion  time  of  IS  ps  is  818  K,  which  corresponds  to  a 
temperature  increase  of  525°  C.  This  temperature  increase  is  much  higher  than  those  calculated  for  the 
parallel/oblique  experiments.  Taking  116°  C  as  the  ma.\imum  calculated  temperature  increase  for  the 
parallel/oblique  tests,  the  time  required  for  an  adiabatic  explosion  would  be  2.4  x  10^  s. 

In  addition,  the  strain  rate  (and  temperature  increase)  may  have  been  limited  by  the  explosive  sample 
sliding  at  one  or  both  of  the  interfaces  with  the  flyer  plate  and  anvil.  The  surface  of  the  glass  anvil  had 
a  commercial  polish  finish  of  10  binges  per  inch,  and  the  steel  target  plate  had  a  machined  surface  finisli 
with  roughness  of  16  pin  rms.  Any  future  tests  should  address  the  possibility  of  slippage  at  these 
interfaces.  A  suggested  approach  would  be  to  increase  the  traction  by  surface  roughening.  Also,  the  anvil 
consisted  of  glass  plies  laminated  together  by  polyvinyl  butyryl  plies.  In  order  to  avoid  the  possibility  of 
shear  localization  occurring  in  the  polyvinyl  butyryl,  a  single  piece  of  thick  glass  could  be  used. 

The  steel  flyer  plate  used  in  our  tests  had  a  yield  strength  of  about  0.5  GPa,  but  we  did  not  see  any 
evidence  of  yielding  on  the  face  of  the  recovered  flyer  plate.  Such  yielding,  if  present,  would  decrease 
the  impact  pressure  by  a  small  amount.  In  order  to  avoid  this  possibility,  a  hardened  steel  flyer  plate 
should  be  used  for  future  tests. 

The  most  direct  means  of  increasing  the  temperature  of  the  explosive  sample  is  to  increase  its  strain 
rate  by  increasing  the  velocity  of  the  impacting  projectile,  decreasing  the  sample  thickness,  or  doing  both. 
It  is  instructive  to  calculate  the  temperature  increase  that  would  be  expected  using  the  data  of  shot  No.  26 
and  varying  the  impacting  velocity  and  the  explosive  sample  thickness  over  a  range  of  explosive 
viscosities.  The  yield  strength  of  the  explosive  is  assumed  to  be  0.35  x  10®  dynes/cm^.  Figures  5  and  6 
show  the  calculated  temperature  increases  for  several  sample  thicknesses  and  impacting  velocities. 
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APPENDIX  A. 

DETAILS  OF  GAS  GUN  AND  PROJECTILE 
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The  gas  gun  used  for  these  tests  was  machined  from  4140  steel  and  tempered  to  35  on  the  Rockwell 
C  scale.  The  barrel  had  the  following  basic  dimensions: 

length  =  70  in 

outside  diameter  =  7.750  in 

bore  diameter  =  5.940  in. 

A  1/4-in  X  1/4-in  x  70-in  keyway  was  machined  along  the  bone  of  the  barrel  in  order  to  prevent 
rotation  of  the  keyed  projectile  since  rotation  of  projectiles  having  angled  flyer  plates  could  cause 
nonsimultaneous  impact  to  occur.  The  gun  had  a  wraparound  breech  of  approximately  1, 044-in^  volume; 
the  breech  section  was  24  in  long  and  had  an  outside  diameter  of  14  in.  The  overall  length  of  the 
assembled  gun  was  91  in.  The  total  weight  of  the  gim  was  about  1,500  lb. 

The  projectile  consisted  of  a  polyethylene  body  to  which  the  flyer  plate  was  bolted.  It  had  the 
following  characteristics: 

body  length  =  12  in 

body  diameter  =  S.925  in 

flyer  plate  thickness  s  2  in 

flyer  plate  diameter  =  5.75  in 

total  projectile  weight  =  15.4  lb  to  22.9  lb. 

The  projectile  had  two  0-rings  (Pailcer  2-432)  which  served  to  seal  against  the  high  pressure  nitrogen  gas 
contained  in  the  wn^around  breech  as  shown  in  Figure  A-1.  When  a  small  pressure  is  introduced  through 
valve  A,  the  projectile  is  displaced  from  its  initial  position  and  uncovers  four  large  por  holes  connecting 
the  wraparound  breech  to  the  gun  bore.  Ihe  high  pressure  breech  gas  which  dumps  behind  the  projectile 
causes  it  to  accelerate  rapidly.  The  0-rings  were  fitted  against  the  gun  bore  with  a  10%  squeeze.  For  the 
tests  reported  here,  the  lowest  velocity  was  obtained  with  a  breech  pressure  of  125  psi  and  the  highest  with 
a  breech  pressure  of  1,300  psi.  We  were  not  able  to  pressurize  the  breech  beyond  1,300  psi  due  to 
leaks — probably  past  the  0-rings. 
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APPENDIX  B: 

EVALUATION  OF  THE  STRAIN  RATE 
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Notation: 


Sj  =  shear  stress  in  projectile,  dynes/cm^ 

Sj  s  shear  stress  in  target  (explosive),  dynes/cm^ 

S3  =  shear  stress  in  anvil,  dynes/cm^ 

V  =  viscosity  of  explosive,  poise 

Y  =  yield  strength  of  explosive,  dyncs/cm^ 

Gj  s  shear  modulus  of  projectile,  dynes/cm^ 

G3  -  shear  modulus  of  anvil,  dynes/cm^ 

Cj  s  elastic  shear  wave  speed  in  projectile,  cmjs 
C3  =  elastic  shear  wave  speed  in  anvil,  cm/s 

=  initial  component  projectile  velocity  parallel  to  the  interface,  cm/s 
Vj  =  component  of  projectile  velocity  parallel  to  the  interface  after  impact,  cm/s 
V3  =  component  of  anvil  velocity  parallel  to  the  interface  after  impact,  cm/s 
=  shear  strain  in  the  projectile,  cm/cm 
63  =  shear  strain  in  the  anvil,  cm/cm 
X  -  thickness  of  the  target  plate,  cm, 

63=  shear  strain  rate  in  the  target,  s"* 

where 

Gj  (steel)  =  7.68  x  10‘^  dynes/cm^ 

Gi  (alum.)  =  2.78  x  10^^  dynes/cm^ 

G3  (glass)  =  2.65  X  lo’^  dynes/cm^ 

Cl  (steel)  =  3.12  X  10®  cm/s 
Cl  (alum.)  =  3.16  x  10®  cm/s 
C3  (glass)  =  3.45  X  10®  cm/s. 

To  evaluate  the  strain  rate  in  the  target,  we  make  the  following  assumptions: 

(1)  After  a  few  reverberations  of  the  wave  back  and  forth  across  the  target  layer,  the  shear  in  the 
target  plate  is  homogeneous;  i.e.,  there  is  no  strain  localization.  This  assumption  gives  the  lowest  possible 
strain  rate.  We  will  analyze  this  situation  and  will  not  consider  the  transient  that  exists  before  the 
homogeneous  state  is  attained. 
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(2)  The  stress  and  particle  velocity  are  continuous  at  the  interfaces. 


(3)  The  projectile  and  the  anvil  respond  elastically,  so  that 

Si  =  G,£,  (B1) 


and 


S3  -  0363 . 


(B2) 


(4)  The  explosive  obeys  the  following  very  simple  constitutive  relation; 


S2  =  Y  +  ve2  =  Y  +  v(V,  -V3)/x.  (B3) 

We  recognize  that  teal  materials  will  have  more  complex  behavior. 

(5)  We  ignore  heating  of  the  layer  and  vuilations  in  the  viscosity  or  the  yield  strength  with 
temperature. 

With  these  assumptions,  the  transverse  velocity  (the  component  parallel  to  the  interfaces)  varies  as 
shown  schematically  in  Figure  B-1.  A  shock  moves  back  into  the  projectile  and  reduces  its  transverse 
velocity  from  Vj  to  Vj.  A  shock  moves  to  the  ri^t  in  the  anvil  and  increases  its  transverse  velocity  from 
0  to  V3.  Within  the  target  layer,  the  velocity  varies  linearly  from  Vj  to  V3,  The  shear  strain  in  the  anvil 
is 

e,  -  -pi  .  (B4) 


The  shear  strain  in  the  projectile  is 


El 


v.-v, 

Cl 


(B5) 
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Solving  for  and  V3  gives  the  following  result: 


V  C’,  V 

T  *  T7  tt;  t 


j 


(HV) 


and 


c, 


flllui 


The  viscosity  is  unknown  for  the  explosives  thiii  we  used  (and  iltr  coniiliuilvj  rvluion  uwd  \wit  li 
almost  certainly  too  simple  to  represent  a  real  material).  Novcittieiess,  we  cati  niake  simiic  ilaM* 

the  viscosity  and  calculate  the  resulting  strain  rate.  Haikek  and  Wackerle'  deienniiwd  •  riMoiHy  hn 
PETN  of  50, (XX)  poise  In  a  shock  wave  csperimeni.  'ndi  could  he  used  as  m  u)»iwr  ijouttd  llie  yield 
strength  under  pressure  is  also  not  well  known.  It  Is  clear  ilia'  iIm  yield  itntngih  under  |HV*svrY  k 
than  the  strength  that  Is  measured  In  unconflned  uniaslal  experUnents  ’  Pinty,  Nltvlsldes,  *.'i4  Wk--;*!* 
determined  a  yield  strength  for  composition  II  of  aland  0,).5  khir.  Iliiitg  tliese  values  of  viHuiUy  and 
yield  strength  for  Dciaihcei.  we  can  calculate  a  strain  tale,  fnitn  a«iuailons  IH  hlO.  ruai  1 
equation  5,  for  experiment  26.  Hic  conijnitcd  tem|wratutv  liHrvaie  that  woulft  lit  aiNtvrd  tn  I*  ps  is 
93°  C.  Figure  4  shows  the  computed  lcm|wruiure  liRrtMt  for  e  irngr  of  viHoiiiki  ai»)  yisid  snHif«M 
It  can  be  seen  that  if  yield  sirvngili  Is  lield  constant,  Uteiv  u  s  viHosiiy  vslut  vshKn  |is>s  Un  lii|i>»ii 
possible  icmpcniiuic. 


I 


lltUwk.  r.  M.,  ml  I  Watyfl#  'Dyrntfitit  aiMUt  flsHW  ISw|aiM*»  ,4  m|l*  ( tKi^iiayM  li«i  »■< 
of  Aw)ll<wl  Hivilii.  vul  4T,  ini  ),  IV I4 


3 

I*lfil4y«  ),,  II,  fttv.f  II  A  I^mi  litst*  ^  i  H  kfl  fffff 

AKAI'U  TH  95004,  II I  Aim^r  Aihmih«»i  !A|r|Hisii|y 


UVUMIII  I 

ftAAIvti  AIM« 


|KrtKn()NA».tv  upr  mi^nk. 


We  can  calculate  the  impact  pressure  produced  when  a  flyer  plate  stiikes  an  anvil.  We  .assume  that 
the  impact  remains  elastic.  After  impact,  the  pressure  in  the  flyer  plate  and  the  anvil  are  equal  at  the 
interface  and  the  interface  has  a  common  particle  velocity.  The  following  notation  afolies: 

V„  =  normal  component  of  flyer  plate  velocity,  cm/s 
Uj  =  interface  particle  velocity,  cm/s 
p,  =  density  of  anvil,  g/cm^ 
pf  s  density  of  flyer  plate,  g/cm^ 

=  elastic  longitudinal  wave  speed  in  anvil,  cm/s 
Uf  =  elastic  longitudinal  wave  speed  in  flyer  plate,  cm/s 
P,  =  pressure  in  anvil,  dynes/cm^ 

Pf  =  pressure  in  flyer  plate,  dynes/cm^ 

Pj  =  interface  pressure,  dynes/cm^ 

P,  =  pressure  in  explosive,  dynes/cm^. 

After  impaa,  an  elastic  wave  of  velocity  propagates  into  the  anvil  and  an  elastic  wave  of  velocity  Uf 
propagates  into  the  flyer  plate.  The  anvil  undergoes  a  change  in  particle  velocity  (uj  >  0),  and  the  flyer 
plate  particle  velocity  undergoes  a  change  (V„  -  uj).  By  the  laws  of  conservation  of  mass  and  momentum 
across  the  elastic  wave,  we  can  write: 


P.  =  P.U.  (Ui  -  0)  and  Pf  =  PfUf  (V„  -  Uj) . 


(Cl) 


At  the  Interface  P,  =  Pf.  Therefore  we  can  write: 


P.U,v-i  =  PfUf(V„-Ui). 


This  can  be  solved  for  U|: 


«l*=PfUfVn/(P.U,-*-PfUf). 


(C2) 


Tlwn,  since  we  assumed  that  P^  =  Pj  =  Pf  =  P,  wc  can  write: 

Px  -  P.  »  P.U.PfUfV„  /  (p.U,  +  PfUf) .  (C3) 

The  Impact  of  the  flyer  plate  on  the  anvil  Is  illustrated  In  Figure  C-1,  which  shows  the  elastic  equation 
of  state  In  the  pressure-particle  velocity  plane. 
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